Preimplantation mouse embryos of many strains become arrested at the 2-cell stage if the osmolarity of culture medium that normally supports development to blastocysts is raised to approximately that of their normal physiological environment in the oviduct. Arrest can be prevented if molecules that serve as ''organic osmolytes'' are present in the medium, because organic osmolytes, principally glycine, are accumulated by embryos to provide intracellular osmotic support and regulate cell volume. Medium with an osmolarity of 310 mOsM induced arrest of approximately 80% of CF1 mouse embryos at the 2-cell stage, in contrast to the approximately 100% that progressed beyond the 2-cell stage at 250 or 301 mOsM with glycine. The nature of this arrest induced by physiological levels of osmolarity is unknown. Arrest was reversible by transfer to lower-osmolarity medium at any point during the 2-cell stage, but not after embryos would normally have progressed to the 4-cell stage. Cessation of development likely was not due to apoptosis, as shown by lack of external annexin V binding, detectable cytochrome c release from mitochondria, or nuclear DNA fragmentation. Two-cell embryos cultured at 310 mOsM progressed through the S phase, and zygotic genome activation markers were expressed. However, most embryos failed to initiate the M phase, as evidenced by intact nuclei with decondensed chromosomes, low M-phase promoting factor activity, and an inactive form of CDK1, although a few blastomeres were arrested in metaphase. Thus, embryos become arrested late in the G 2 stage of the second embryonic cell cycle when stressed by physiological osmolarity in the absence of organic osmolytes.
INTRODUCTION
Preimplantation (PI) embryos are extremely sensitive to increased osmolarity near the physiological range. One of the major changes made in PI embryo culture media to eliminate the developmental blocks that had previously prevented complete PI development in vitro was that the initial successful media for mouse embryo culture had substantially lower osmolarities than previous traditional culture media [1] [2] [3] [4] [5] . The osmolarities of these media (potassium simplex optimized medium [KSOM] and CZB) were in the range of 250-275 mOsM, which is well below that of the physiological environment of the PI embryo in the oviduct, the fluid of which is in the range of 300-310 mOsM [6, 7] . Indeed, simply raising the osmolarity of KSOM medium to approximately 310 mOsM (with glutamine also omitted) resulted in an almost complete block of development of embryos from sensitive mouse strains at the 2-cell stage, whereas somewhat higher osmolarities similarly blocked development even of mouse embryos from strains that had been considered to be resistant to in vitro developmental blocks [8] . Thus, most fertilized mouse eggs became blocked at the 2-cell stage when the osmolarity of the medium was near or just above physiological levels.
Study of this phenomenon has led to a greater understanding of PI embryo physiology. A key observation was that PI embryos would develop in vitro at higher osmolarities if any of several organic compounds, including glycine, glutamine, or N,N,N-trimethylglycine (betaine), was present in the culture media [5, 9, 10] . Lawitts and Biggers [5] as well as Van Winkle et al. [5, 9] proposed that this was because such compounds functioned in PI embryos as organic osmolytes-small, uncharged organic molecules that are accumulated by cells to provide intracellular osmotic support to replace ions that can disrupt cellular physiology at higher concentrations [11, 12] .
Although mammalian somatic cells possess several transporters that mediate the uptake of organic osmolytes when cell volume is decreased, none of these was found to function in the uptake of effective organic osmolytes in early PI embryos [13] . Instead, the earliest stages of mouse PI embryos possess novel cell volume-regulatory mechanisms that utilize organic osmolytes. The major one of these mediates the osmoregulated accumulation of glycine, via the glycine transporter GLYT1 (SLC6A9 protein) that transports glycine with high affinity and can also accept glutamine [14, 15] . Volume regulation using glycine and GLYT1 is activated in oocytes upon ovulation and persists through the 2-cell stage [16] . A secondary volumeregulatory mechanism functions by the accumulation of betaine and is mediated by the SIT1 transporter (SLC6A20 protein), which becomes activated at fertilization and remains active through the 2-cell stage [17, 18] . In vivo-derived mouse eggs and embryos up to the 2-cell stage contain very high levels of intracellular glycine [16] and substantial amounts of betaine [18] , implying that organic osmolytes are required for their normal development in the oviduct.
Thus, early PI embryos clearly possess at least two systems, apparently unique to embryos, for accumulating the organic osmolytes that play key roles in regulating embryo cell volume [13] . In the absence of their substrates, or if their transport is blocked, mouse embryos cultured at near-physiological osmolarities do not develop and, instead, become arrested at the 2-cell stage [8] . Whereas the arrest at the 2-cell stage that is induced by increased osmolarity and decreased cell volume resembles the ''2-cell block'' suffered by most strains of mouse embryos in traditional culture media, the etiology of the 2-cell block also remained elusive [19] , although it has been reported that such embryos are arrested at the late 2-cell stage [20, 21] . To begin to elucidate the mechanism of developmental arrest induced by physiological osmolarity in the absence of organic osmolytes employed by the early embryo, we tested two separate hypotheses regarding the arrest of embryo development by physiological osmolarity in the absence of organic osmolytes: first, that the cessation of development at the 2-cell stage involves mechanisms common to apoptotic cell death and, second, that embryos arrest at a specific point in the second mitotic cell cycle.
MATERIALS AND METHODS

Chemicals and Media
All chemicals and components of culture media were obtained from Sigma unless otherwise noted, and those used in culture media were embryo tested or cell-culture grade. The embryo culture media were based on KSOM medium [1] with glutamine omitted and bovine serum albumin replaced with polyvinyl alcohol (1 mg/ml) [10] . This modified KSOM (mKSOM) was equilibrated with 5% CO 2 in air at 378C. Glycine was added directly to the medium when specified. Similarly modified Hepes-KSOM (mHepes-KSOM; 21 mM Hepes replacing equimolar NaHCO 3 , pH 7.4) was used for oocyte and embryo collection [10] . The osmolarity of mKSOM was 250 mOsM (precision, 65 mOsM). Osmolarity of the medium was increased to 310 or 340 mOsM by adding appropriate amounts of D-(þ)-raffinose, and osmolarity was confirmed using a vapor pressure osmometer (model 5520; Wescor).
Embryo Collection and Culture
Embryos were obtained from female CF1 mice (age, 4-6 wk; Charles River) that had been superovulated by intraperitoneal injection of 5 IU of equine chorionic gonadotropin followed 47.5 h later by 5 IU of human chorionic gonadotropin (hCG). Immediately after hCG, the females were caged overnight with B 6 D 2 F 1 males (Charles River) for mating. One-cell embryos were removed from excised oviducts approximately 19-22 h post-hCG, and 2-cell embryos at approximately 43-44 h post-hCG, by flushing with mHepes-KSOM. One-cell embryos were freed from residual cumulus matrix by brief exposure to 300 lg/ml of hyaluronidase and fertilization confirmed by the presence of two pronuclei.
One-cell embryos were cultured in groups of 10-15 according to standard techniques in microdrop cultures under mineral oil at 378C in 5% CO 2 in air. One-cell embryos were placed into culture (designated as Day 1) and the proportions reaching the 2-cell stage on Day 2, 4-cell-or-greater stage on Day 3, morula on Day 4, and blastocyst on Days 5 and 6 were recorded. Because development may be slower at higher osmolarities, culture was extended one additional day (to Day 6) beyond what is normally sufficient to allow maximal blastocyst formation. Culture procedures specific to each experiment are detailed in Results. Generally, control cultures were carried out in mKSOM (250 mOsM), and embryos were induced to arrest at the 2-cell stage in mKSOM for which the osmolarity was increased with raffinose to 310 or 340 mOsM. Development at 310 or 340 mOsM was rescued by the presence of 1 mM glycine in the medium when specified.
All procedures were approved by the Animal Care Committee of the Ottawa Hospital Research Institute and conducted in accordance with the guidelines of the Canadian Council on Animal Care.
Annexin V Staining
Zonae pellucidae were removed with acid Tyrode solution and embryos incubated at 378C for 1 h in the dark with 1 lg/ml of annexin V-fluorescein isothiocyanate (annexin V-FITC; hereafter referred to as annexin V) and 2.5 lg/ml of propidium iodide in mKSOM according to the manufacturer's directions (ApoAlert Annexin V Apoptosis Kit; Clontech). Embryos were washed with mHepes-KSOM and immediately observed using a conventional fluorescence microscope. Embryos were considered to be positive if they were clearly labeled with annexin V on their plasma membranes (excluding punctuate fluorescence from external debris adhering to the membrane) but with nuclei not stained by propidium iodine (lack of cell-impermeant propidium iodine staining confirmed that the plasma membrane was intact). Two-cell embryos cultured in mKSOM with 1 mM H 2 O 2 at 378C for 1.5 h before annexin V staining served as a positive control, as previously described [22] . Only embryos that remained impermeable (i.e., negative for propidium iodine) after H 2 O 2 treatment were used as examples of annexin V-positive embryos for comparisons.
Immunocytochemistry for Localization of Cytochrome c
Cytochrome c was detected using immunocytochemistry as described previously [22] with minor modifications. All procedures were performed at 378C unless otherwise noted. Briefly, embryos were incubated in 400 nM MitoTracker (MitoTracker Red CMXRos; Invitrogen/Molecular Probes) for 1 h, washed 3 times in Dulbecco PBS containing 1 mg/ml of polyvinylpyrrolidone (D-PBS/PVP), fixed in 2% formaldehyde in D-PBS/PVP for 30 min, and permeabilized in 0.5% Triton X-100 in D-PBS/PVP for 1 h. After washing, embryos were incubated in blocking solution (D-PBS/PVP containing 5% goat serum) for 2 h and then with a mouse monoclonal anti-cytochrome c antibody (0.5 mg/ml; BD Pharmingen) overnight at 48C, followed by goat anti-mouse immunoglobulin (Ig) G-FITC secondary antibody (200 lg/ml; Santa Cruz Biotechnology) for 1 h in the dark. Embryos were washed four times in D-PBS/ PVP and mounted in SlowFade mounting medium (Invitrogen/Molecular Probes). Images were obtained using laser-scanning confocal microscopy with a 522-to 532-nm band-pass filter and a 600-nm long-pass filter for cytochrome c and MitoTracker, respectively.
Detection of DNA Fragmentation by TUNEL
The TUNEL was performed using the In Situ Cell Death Detection Kit, Fluorescein (Roche Applied Science). All procedures were performed at 378C unless otherwise noted. Embryos were fixed and permeabilized in 2% formaldehyde containing 0.02% Triton X-100 in D-PBS/PVP for 30 min, washed 3 times for 10 min each in blocking solution (100 mM glycine, 2% fetal bovine serum, 2% bovine serum albumin, and 0.01% Triton X-100 in Trisbuffered saline), and then incubated in blocking solution overnight at 48C before being washed 3 times with Tris-buffered saline containing 0.01% Triton (TBS-T) and incubated in the TUNEL reaction mixture for 1 h in the dark, according to the manufacturer's instructions. After TUNEL labeling, embryos were treated with 100 lg/ml of RNase A for 1 h in the dark. Nuclei were counterstained with 500 lg/ml of propidium iodine for 1 h in the dark. Embryos were washed four times in TBS-T and mounted in SlowFade mounting medium. Positive-control embryos were treated with 1 U/ml of DNase I for 10 min before TUNEL labeling. Images were obtained using laserscanning confocal microscopy with 488-nm excitation/522-to 532-nm bandpass emission for detection of FITC and 568-nm excitation/585-nm long-pass emission for propidium iodine.
5-Bromo-2
0 -Deoxyuridine Incorporation
The DNA replication was assessed by 5-bromo-2 0 -deoxyuridine (BrdU) incorporated into newly synthesized DNA strands. All procedures were performed at 378C unless otherwise noted. Embryos were incubated with 1 mM BrdU for the periods specified in Results. Negative-control embryos were incubated with the DNA polymerase a-inhibitor aphidicolin (20 lg/ml) during exposure to BrdU. After incubation, embryos were immediately fixed in 4% paraformaldehyde in D-PBS/PVP for 30 min and permeabilized in 0.5% Triton X-100 in D-PBS/PVP for 1 h. After washing in D-PBS/PVP, DNA was denatured using 2 N HCl for 1 h. Embryos were washed three times in D-PBS/ PVP and blocked in D-PBS with 5% goat serum for 2 h. Embryos were then incubated with monoclonal anti-BrdU antibody (3 lg/ml; Sigma B8434) overnight at 48C, followed by goat anti-mouse IgG-FITC secondary antibody (200 lg/ml; Santa Cruz Biotechnology) for 1 h in the dark. Embryos were washed four times in D-PBS/PVP and mounted in SlowFade mounting OSMOLARITY-INDUCED ARREST OF MOUSE EMBRYOS medium. Images were obtained by laser-scanning confocal microscopy using a 522-to 532-nm band-pass filter.
Assessment of Zygotic Genome Activation by Quantitative RT-PCR
A total of 30 embryos were pooled for each sample of in vitro-or in vivo-developed embryos and stored at À808C until RNA extraction. Total RNA was extracted from each set of 30 embryos using the RNeasy Micro Kit (Qiagen) and reverse transcribed into cDNA using RETROscript Kit (Ambion) as described previously [18] . Quantitative RT-PCR (Q-RT-PCR) was performed with a LightCycler thermocycler (Roche Applied Science).
We assessed mRNA expression of two genes for which transcription increases greatly during zygotic genome activation (ZGA) and remains elevated-namely, Eif1a (eukaryotic translation initiation factor 1a) and H47 (histocompatibility 47) [23] -and one gene that is expressed transiently during ZGA-namely, Zscan4d (zinc finger and SCAN domain containing 4D) [24] . Hprt (hypoxanthine guanine phosphoribosyl transferase) served as a reference gene, as previously validated for PI mouse embryos [25] .
The PCR primer pairs (Table 1) were designed based on mouse mRNA reference sequences spanning an exon-exon border using OligoPerfect software (Invitrogen). Zscan4d is one of six paralogous genes expressed in the mouse (Zscan4a through Zscan4f) [24] , all of which could be amplified by the primer pair used here. However, Zscan4d accounts for almost all expression (.90%) in embryos [24] and, thus, was detected here. To confirm the PCR products, conventional RT-PCR was performed, and the purified amplicons were sequenced by the Ontario Genomics Innovation Centre (Ottawa, Canada).
Each reaction mixture consisted of 0.35 embryo equivalent of cDNA template, 500 nM of each primer, and 13 LightCycler 480 SYBR Green I Master Mix (Roche Applied Science) in a 20-ll reaction volume. A negative control (H 2 O replacing cDNA template) and a positive control (liver cDNA) were always included in each run. An initial 5 min at 958C was followed by 50 cycles of 958C for 10 sec, 608C for 20 sec, and 728C for 20 sec. At the end of the run, melting-curve analysis was performed to confirm the PCR product. Two replicates of each sample were simultaneously amplified and the results averaged to constitute one independent replicate.
A threshold cycle (C T ) standard curve was constructed using serial 10-fold dilutions of a known concentration of template (prepared by PCR from liver or embryo cDNA). The number of mRNA copies per embryo was determined using the absolute quantification method according to the manufacturer's instructions.
DNA and Microtubule Imaging
To image DNA in arrested 2-cell embryos, the embryos were first fixed in 2% formaldehyde and 0.02% Triton X-100 in D-PBS at 308C for 30 min. DNA was then labeled with Sytox Green (2 lM; Invitrogen/Molecular Probes) and Factin labeled with Alexa 594-phalloidin (5 U/ml; Invitrogen/Molecular Probes) by incubation at 48C overnight, as previously described [26] . F-actin was labeled to allow visualization of the cells.
To image DNA together with tubulin, the embryos were first fixed in 2% formaldehyde, 1 lM paclitaxel, 0.5% Triton X-100, and 10 lg/ml of aprotinin in TBS. Tubulin was labeled with rat anti-a-tubulin monoclonal antibody YL1/ 2 (20 lg/ml; Millipore) at 48C overnight, washed, and incubated with Alexa 594 goat anti-rat secondary antibody (10 lg/ml; Invitrogen/Molecular Probes) at 378C for 2-3 h. DNA was then labeled with Sytox Green as described above. This labeling protocol is essentially as previously described [26] .
Embryos were mounted in SlowFade mounting medium. Confocal imaging was performed using 488-nm excitation with 522-to 532-nm band-pass for Sytox Green and 568-nm excitation with 600-nm long-pass for Alexa 594, obtaining a z-series of 0.5-lm optical sections through the portion of the embryo encompassing the DNA.
M-Phase Promoting Factor Assay
Activity of M-phase promoting factor (MPF) was measured using the method developed by Moos et al. [27] for oocytes, modified as previously described [28] , except that myelin basic protein (used for simultaneous detection of mitogen-activated protein kinase activity) was omitted here. MPF activity was detected as phosphorylation of histone H1. Briefly, 10 embryos in 1-1.5 ll of medium were added to 3.5 ll of lysis buffer [28] and the kinase reaction initiated by addition of 5 ll of kinase buffer [28] containing [c 32 P]ATP (500 lCi/m; PerkinElmer) and histone H1 (2 mg/ml; Sigma). The reaction was stopped after 30 min by addition of 10 ll of Laemmli sample buffer and boiling for 5 min. The extent of histone H1 phosphorylation was determined by SDS-PAGE quantified by PhosphorImager (Typhoon 8600 with ImageQuant software; Molecular Dynamics, Inc.). MPF activity was measured in embryos that were arrested at the 2-cell stage by culture with medium of 310 mOsM at 67 h post-hCG. Negative controls consisted of 2-cell embryos cultured from the 1-cell stage at 250 mOsM and processed for MPF measurements at 43 h posthCG, when they are in interphase (early G 2 ). For positive controls, culture was continued and the embryos treated with nocodazole (0.2 lg/ml, as described above) from 51 to 67 h post-hCG to arrest them in metaphase, after which they were processed for MPF activity measurements. Because absolute band densities vary between experiments, intensities were normalized to the positive control included in each experiment, which was set arbitrarily to a value of 1.0 [28] .
CDK1 Detection
CDK1 was detected by Western blot analysis using a protocol similar to that described by Ohashi et al. [21] . Briefly, proteins in lysates of 25 pooled embryos were separated on a 12% polyacrylamide gel by SDS-PAGE, transferred to a nitrocellulose membrane, blocked for 1 h at room temperature with 5% nonfat dry milk in TBS with 0.1% Tween-20 (TBS-T), and then incubated overnight at 48C with 1:200 anti-CDK1 antiserum (sc-54; Santa Cruz Biotechnology). After washing 3 times for 10 min each with TBS-T, the membrane was incubated for 1 h with 1:1000 horseradish peroxidase (HRP) goat anti-mouse antiserum (170-6516; Bio-Rad), washed 3 times as above, and bands detected with ECL Plus (GE Healthcare) for 30 sec, according to the manufacturer's instructions. The blots were then stripped and reblocked, reprobed using 1:200 anti-glyceraldehyde phosphate dehydrogenase (GAPDH) antiserum (sc-25778; Santa Cruz Biotechnology) and 1:5000 HRP goat antirabbit antiserum (170-6515; Bio-Rad), and the bands detected using ECL Plus for 10 sec. For quantitation, CDK1 bands were normalized to GAPDH in the same lane.
Data Analysis
Data are expressed as the mean 6 SEM. Graphs were created using Prism 5.0 (GraphPad Software), which was also used for statistical analysis. Comparisons between means were made by ANOVA followed by the Tukey-Kramer multiple comparisons test (the latter only performed if the ANOVA indicated overall significant difference) for three or more groups, or Student t-test (normal distribution) or Mann-Whitney test (nonnormal distribution) for two groups. Comparisons between proportions were made using Fisher exact test. Significance was considered to be at P , 0.05. In cases when all values in a row of the contingency table were zero, no analysis was performed, because the tests were invalid. Embryo development data are presented as the mean percentage of embryos reaching the stated developmental 
RESULTS
Effect of Increased Osmolarity on Development of Embryos from the 1-Cell Stage in the Presence or Absence of Glycine
It was previously shown that arrest at the 2-cell stage can be induced in CF1 mouse embryos cultured in mKSOM by increasing osmolarity to the normal physiological level of oviductal fluid and that development is rescued by adding glycine [8, 10] . To confirm this for the present experiments, 1-cell embryos were cultured for 6 days at 250 mOsM or at 310 or 340 mOsM in the absence or presence of 1 mM glycine, a concentration previously shown to confer maximal osmoprotection on embryos [10] .
Essentially all embryos reached the 2-cell stage in each group (Fig. 1) . Nearly all then progressed to the blastocyst stage at 250 mOsM but became arrested at the 2-cell stage at 310 or 340 mOsM, with fewer than 15% and 5%, respectively, reaching the 4-cell stage and correspondingly low development to the morula or blastocyst stages. As expected, the presence of glycine at 310 or 340 mOsM rescued development past the 2-cell stage. For subsequent experiments, we compared only 250 and 310 mOsM, because the latter approximates in vivo osmolarity in the oviduct [6, 7] and is sufficient to arrest most embryos.
Rescue of Development by Transfer to 250 mOsM after Culture at 310 mOsM Embryos cultured at 310 mOsM from the 1-cell stage apparently develop normally to the 2-cell stage but then arrest as 2-cell embryos and do not progress to the 4-cell stage. We examined how late this arrest could be rescued by transfer to 250 mOsM.
One-cell embryos were cultured from 19 h post-hCG at 310 mOsM and then transferred to 250 mOsM at 43, 48, 53, or 66 h post-hCG. On average, CF1-derived embryos cultured from fertilized eggs in mKSOM medium (250 mOsM) cleave to the 2-cell stage at approximately 35 h post-hCG (range, 34-40 h) and to the 4-cell stage at approximately 60 h post-hCG (range, 58-64 h) (Phillips and Baltz, unpublished results). Thus, the first three time points (43, 48, and 53 h) spanned much of the period when all embryos are at the 2-cell stage, whereas at the last time point (66 h), all normal embryos should have completed the transition to the 4-cell stage. Groups of embryos were also continuously cultured at either 250 or 310 mOsM in parallel with the groups transferred from 310 to 250 mOsM, as controls.
Essentially all embryos developed to the 2-cell stage regardless of treatment (not shown). As in previous experiments, approximately 90% of embryos cultured at 250 mOsM developed to the 4-cell stage and approximately 70%-80% to the blastocyst stage, whereas at 310 mOsM, fewer than 20% developed to the 4-cell stage and very few to the blastocyst stage (Fig. 2) . Transferring embryos from 310 to 250 mOsM, however, restored normal proportions of development to the 4-cell stage and beyond when the transfer was done at 43, 48, or 53 h post-hCG (Fig. 2, A-C) . In contrast, transfer at 66 h, when the embryos should have reached the 4-cell stage, was completely ineffective (Fig. 2D) . Thus, transfer of 2-cell embryos from 310 to 250 mOsM fully rescued development if the transfer was done during the period when embryos are normally at the 2-cell stage, but embryos that had been maintained at 310 mOsM until they should have cleaved to the 4-cell stage could not be rescued.
Assessment of Apoptosis in Embryos Arrested at the 2-Cell Stage in 310 mOsM
Failure to develop beyond the 2-cell stage could be due to the induction of programmed cell death as a consequence of the stress induced by increased osmolarity. To determine if increased osmolarity induced apoptosis, we cultured 1-cell embryos at 250 or 310 mOsM and then assessed for several well-established markers of apoptosis at 48 h post-hCG (mid-2-cell stage) and 72 h post-hCG (normally mid-4-cell stage, and after embryos could no longer be rescued by transfer to 250 mOsM). We used annexin V binding to live embryos to determine whether phosphatidylserine had translocated to the external cell surface as an indicator of early apoptosis, cytochrome c immunolocalization to detect whether cytochrome c was released from mitochondria as a marker of mitochondrial-mediated apoptotic events, and TUNEL labeling to detect DNA fragmentation, a late event of apoptosis [29, 30] .
Annexin V binding was assessed by fluorescence microscopy in live embryos cultured from the 1-cell stage to 48 h post-hCG at 250 or 310 mOsM or to 72 h post-hCG at 310 mOsM. Three independent replicates were performed. At 48 h post-hCG, no 2-cell embryos at either 250 or 310 mOsM were positive for annexin V labeling (Table 2 and Fig. 3, A and B) . Error bars indicate the SEM of percentages from the three independent replicates, which is shown as a measure of variability but was not used for statistical comparisons.
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Similarly, no embryos at 310 mOsM that were still arrested at the 2-cell stage at 72 h post-hCG were positive for annexin V (Table 2 and Fig. 3C ). Costaining with propidium iodide confirmed plasma membrane integrity in all three culture groups (data not shown). In contrast, extensive annexin V labeling was observed in many in vivo-derived, H 2 O 2 -treated (1 mM, 1.5 h, 378C) embryos that were confirmed to be impermeable by lack of propidium iodide staining (Fig. 3D) . These provided examples of embryos with external annexin V binding for comparison.
In contrast to the lack of annexin V binding in embryos, clear annexin V binding was observed in polar bodies of 21% and 27% of embryos 48 h after culture at 250 or 310 mOsM, respectively, and in 50% of polar bodies in embryos arrested at the 2-cell stage after culture for 72 h at 310 mOsM (data not shown).
Cytochrome c localization by immunofluorescence and mitochondrial localization by MitoTracker were assessed with confocal imaging. Five independent replicates were performed with embryos cultured from the 1-cell stage to 48 h post-hCG at 250 or 310 mOsM or to 72 h post-hCG at 310 mOsM. In all 2-cell embryos from each of the three groups, MitoTracker labeling displayed a punctuate pattern, and cytochrome c was colocalized with MitoTracker (Table 2 and Fig. 4 , A-C), including 2-cell embryos arrested at the 2-cell stage after culture at 310 mOsM to 72 h post-hCG (Table 2 and Fig. 4C ). Thus, loss of mitochondrial localization of cytochrome c in arrested embryos was not observed. In positive-control embryos treated with 1 mM H 2 O 2 , which has been shown 706 previously to induce cytochrome c release from mitochondria [22] , punctuate cytochrome c staining was not observed (0/16 embryos in four replicates) (Fig. 4D) . Finally, nuclear DNA fragmentation was assessed by TUNEL. Four independent replicates were performed with embryos cultured from the 1-cell stage to 48 h post-hCG at 250 or 310 mOsM or to 72 h post-hCG at 310 mOsM. TUNELpositive nuclei were not detected in any embryos at either 250 or 310 mOsM at 48 h post-hCG (Table 2 and Fig. 5, A and B) , nor in the embryos at 310 mOsM at 72 h post-hCG that remained arrested at the 2-cell stage (Table 2 and Fig. 5C ). Two-cell embryos preincubated with DNase I as a positive control displayed the TUNEL reaction in all nuclei (14/14 embryos in three replicates of four to five embryos each) (Fig.  5D ). After more prolonged culture, some TUNEL-positive nuclei were first detected in embryos cultured at 250 mOsM at the blastocyst stage, primarily in the inner cell mass (not shown), as previously reported [31] , further validating the assay. In contrast to the absence of TUNEL-positive embryonic nuclei, intense TUNEL-positive staining was detected in polar bodies in approximately 30% of 2-cell embryos at 250 and 310 mOsM at 48 h post-hCG and approximately 85% of 2-cell embryos at 310 mOsM at 72 h post-hCG (Fig. 5, A-C) .
Effect of Increased Osmolarity in Culture Media on DNA Replication During the 2-Cell Stage
We next sought to determine the point in the cell cycle at which 2-cell stage embryos cultured at 310 mOsM became arrested. The second mitotic cell cycle (2-cell stage) (Fig. 6) consists of a very short (approximately 1 h) G 1 phase followed by DNA synthesis in an S phase that lasts about 6 h and then a very long (.15 h) G 2 phase [32] . To determine whether the S phase occurred during the 2-cell stage, we assessed DNA synthesis by BrdU incorporation.
We introduced BrdU at the end of the 1-cell stage to ensure that DNA synthesis occurring during the 2-cell stage would be detected, given that the S phase begins almost immediately after cleavage to two cells. To determine the appropriate timing of BrdU introduction at the end of the 1-cell stage, we first determined when the S phase during the 1-cell stage ended, to Table 2 ). To obtain positive controls for comparison, embryos were treated with 1 mM H 2 O 2 as indicated in the text. Of those that remained negative for propidium iodide staining and, therefore, had intact, impermeable plasma membranes, 59% (10/17 embryos, from five replicates) were annexin V positive, an example of which is presented (D). Bar ¼ 20 lm. and arrested 2-cell embryos at 310 mOsM at 72 h (C), as described in the text (data in Table 2 ). An example of a control embryo treated with H 2 O 2 (D) shows an absence of punctuate cytochrome c staining (faint, nonspecific staining of the zona pellucida is visible). MitoTracker staining is not shown for H 2 O 2 -treated embryos, because this marker accumulates in active mitochondria and did not stain mitochondria in H 2 O 2 -treated cells. Bar ¼ 20 lm.
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ensure that the BrdU was added after this point and, therefore, would only be incorporated into DNA synthesized during the 2-cell stage. One-cell embryos cultured either in 250 or 310 mOsM were collected after BrdU had been present for 1 h starting at 24, 26, 29, or 32 h post-hCG, and then BrdU incorporation was assessed by immunofluorescence with antiBrdU antibody. This showed that almost all embryos were in the S phase of the first cell cycle during the first two intervals, approximately 50% during the period from 29 to 30 h, but few (,17%) during the period from 32 to 33 h post-hCG, for 1-cell embryos cultured at either osmolarity (three replicates each; data not shown). The latest time point we could test was 32-33 h, because cleavage occurs on average at 34-35 h post-hCG. Thus, to specifically detect DNA synthesized during the 2-cell stage, we added BrdU to 1-cell embryos in culture at 33 h posthCG (Fig. 6) .
To determine whether DNA replication occurred during the 2-cell stage, embryos were cultured in the continuous presence of BrdU from 33 to 42 h post-hCG, and then BrdU incorporation in the resulting 2-cell embryos was assessed. Four independent replicates were performed, with 9-10 embryos per replicate imaged at each osmolarity. BrdU incorporation was observed at 42 h post-hCG in 100% of 2-cell embryos cultured at either 250 mOsM (40/40 embryos) (Fig. 6A) or 310 mOsM (40/40 embryos) (Fig. 6B) . The same pattern was observed in embryos cultured at 310 mOsM in the presence of glycine (39/39 embryos) (Fig. 6C) . As a negative control, we showed that embryos cultured at 250 mOsM in the presence of the DNA synthesis inhibitor aphidicolin never exhibited any BrdU incorporation (0/26 embryos in three replicates) (Fig. 6D) . Thus, all embryos cultured at either 250 or 310 mOsM had progressed into the S phase by 42 h posthCG during the 2-cell stage.
To determine if another round of DNA replication occurred in embryos arrested at the 2-cell stage by culture in 310 mOsM at the time when the S phase in the 4-cell stage (third mitotic cell cycle) would normally occur, embryos that had been cultured at either 250 or 310 mOsM from the 1-cell stage were exposed to BrdU beginning at 51 h post-hCG (toward the end of the G 2 phase of the 2-cell stage [32] ) (Fig. 6) . BrdU incorporation was then assessed at 67 h post-hCG (corresponding to the mid-4-cell stage). Three independent replicates were performed at 250 and 310 mOsM, with 7-10 embryos per replicate. At 250 mOsM, 93% (28/30 embryos) developed to the 4-cell stage, and 100% (28/28 embryos) of these had incorporated BrdU at 67 h post-hCG (Fig. 6E ) and, thus, had 
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undergone the third round of DNA replication. At 310 mOsM, 96% (25/26 embryos) were arrested at the 2-cell stage, and no BrdU incorporation was found in any of these arrested embryos (0/25) (Fig. 6F) . Addition of glycine (1 mM) to 310 mOsM, which rescued development to the 4-cell stage (23/27 embryos), restored the ability of all 4-cell embryos to incorporate BrdU by 67 h post-hCG at 310 mOsM (23/23 embryos) (Fig. 6G) . Taken together, these data suggest that increasing osmolarity to 310 mOsM did not inhibit DNA replication in the second cell cycle. In contrast, it did prevent a third round of DNA replication in mouse embryos cultured in 310 mOsM that were arrested at the 2-cell stage.
ZGA in Embryos at 310 mOsM in the Presence or Absence of Glycine
It has been well documented that the major ZGA occurs after the S phase during the 2-cell stage in mouse embryos [33, 34] . We therefore determined whether increased osmolarity prevents ZGA that normally occurs at the 2-cell stage. Eif1a, H47, and Zscan4d genes were chosen as markers of ZGA as described in Materials and Methods, with the first two increasing greatly during ZGA and the last being transiently expressed during ZGA [23, 24] .
We first confirmed the expected expression patterns of Eif1a, H47, and Zscan4d genes for in vivo-developed embryos using Q-RT-PCR, with 1-cell embryos (27 h post-hCG) and early (33 h post-hCG), middle (40 h post-hCG), and later (48 h post-hCG) 2-cell embryos. Consistent with previous reports [23, 24] , the expression of Eif1a and H47 transcripts was low at the 1-cell stage and increased substantially (;9-fold and 230-fold, respectively) by the later 2-cell stage (Fig. 7, A and B, in vivo), whereas Zscan4d transcripts were also low in 1-cell embryos but became abundant at the mid-2-cell stage (a 47-fold increase over the 1-cell stage), then decreased again by the late 2-cell stage (Fig. 7C) . Expression of the reference gene Hprt did not vary significantly (Fig. 7D) .
Next, we determined the effect of increased osmolarity on Eif1a, H47, and Zscan4d expression in embryos cultured in vitro at 250 or 310 mOsM from the 1-cell stage (starting ;22 h post-hCG). Somewhat different time points were used for in vitro assessment, because development is slowed in vitro relative to in vivo, with 1-cell embryos collected at 29 h and 2-cell embryos at 43 and 48 h post-hCG. In embryos cultured at 250 mOsM, both Eif1a and H47 expression increased markedly from the 1-cell to the 2-cell stage, reaching approximately the same level of transcripts as in vivo embryos (Fig. 7, A and B, in vitro) . Zscan4d also was expressed at levels similar to those found in vivo, but variability appeared to be higher (Fig. 7C) . Again, Hprt expression did not vary significantly with stage (Fig. 7D) .
When cultured at 310 mOsM, the level at which embryos would become arrested, similar patterns were evident. Expression of both Eif1a and H47 increased significantly during the 2-cell stage, with patterns resembling those at 250 mOsM or in vivo (Fig. 7, A and B) , although the levels of transcripts appeared to be somewhat decreased. Zscan4d was also clearly expressed during the 2-cell stage, showing an expression pattern and transcript levels similar to, but apparently more variable than, those seen in vivo (Fig. 7C) . When glycine was present at 310 mOsM, expression of all four (Fig. 7, A-D) . Thus, it appears that markers of ZGA increased at the 2-cell stage in cultured embryos not only at 250 mOsM but also at 310 mOsM, indicating that ZGA had occurred.
Nuclear Status of Arrested Embryos
Because embryos arrested at the 2-cell stage in 310 mOsM have passed through the S phase and express genes associated with ZGA, which takes place in the G 2 phase, we assessed the nuclear status of arrested embryos to determine whether they became arrested in interphase (G 2 ) or had progressed into the M phase before arresting. Five independent sets of 15 one-cell embryos (75 embryos total) were cultured at 310 mOsM, of which 88% (66/75 embryos) were arrested at the 2-cell stage on Day 3. Confocal imaging of the arrested embryos for which DNA was labeled with Sytox Green (63 embryos total; the remaining three were lost in processing) indicated that 93% of blastomeres (117/126 blastomeres) in the 63 embryos that were arrested at the 2-cell stage on Day 3 had decondensed chromosomes consistent with interphase nuclei, whereas 7% (9/126 embryos) had condensed chromosomes consistent with their having progressed into metaphase (Fig. 8) . Thus, the large majority of blastomeres appeared to be in interphase, whereas a few had progressed into metaphase before arresting.
It is possible that embryos arrested at the 2-cell stage on Day 3 that are apparently in interphase had actually progressed into the M phase and their chromosomes had condensed but subsequently decondensed and had nuclei reformed, particularly given that a few arrested blastomeres were found to be in 9 . Arrested 2-cell embryos had not entered the M phase. Any embryos entering the M phase were trapped in prometaphase using nocodazole, and then chromosome condensation was induced by removal of nocodazole in the presence of MG132 to prevent exit from metaphase (see text). A) Labeling the embryos for DNA with Sytox Green (green) and tubulin (red) revealed those that had entered the M phase and exhibited clearly condensed chromosomes and often metaphase spindles (left) contrasted with those that remained in interphase with a clear nucleus (right). B) Nearly all embryos cultured at 250 mOsM and assessed on Day 3 had apparently entered metaphase, whereas most of those cultured in 310 mOsM had not. Numbers in parentheses over the bars indicate the number of embryos in that class out of the total assessed. Error bars indicate the SEM of the percentage data, which is shown as a measure of variability between the three independent replicates. The labels 0, 1, and 2 (bottom) represent the number of blastomeres with condensed chromosomes within the same 2-cell embryo. The statistical analysis of the incidence of interphase nuclei versus condensed chromosomes/spindles after culture at each osmolarity is shown (C). Because a few embryos at each osmolarity had one blastomere with condensed chromosomes and one with a nucleus (4/37 embryos at 250 mOsM and 5/38 embryos at 310 mOsM; i.e., the bars labeled 1 in B), we performed the statistical analysis on the same data as in B, but we compared the proportions of blastomeres in each class (i.e., exhibiting condensed chromosomes vs. a nucleus) out of the total of 74 blastomeres (37 embryos 3 2 blastomeres each) at 250 mOsM and 76 blastomeres (38 embryos 3 2 blastomeres each) at 310 mOsM. The difference between the proportions at 250 and 310 mOsM was highly significant (Fisher exact test, P , 0.0001). Bar ¼ 50 lm. 710 metaphase, as shown above. Thus, we used a protocol to trap cells in the M phase once they had entered. On Day 2 (;50 h post-hCG, when 2-cell embryos are in the mid-G 2 phase), nocodazole (0.2 lg/ml) was added to embryos in culture to disrupt microtubules and stop cell-cycle progression at prometaphase [35] . On Day 3 (;65 h post-hCG, when embryos would have progressed to the mid-4-cell stage), they were washed free of nocodazole and transferred to identical medium containing the proteosome inhibitor MG132 (2 lM) and incubated for 20 min. For cells trapped in prometaphase, the removal from nocodazole allows the chromosomes to condense, but MG132 prevents cyclin B degradation and traps any cells that had entered the M phase in metaphase. This protocol also allows the quantitative comparison of the fractions of embryos entering metaphase between those cultured at 250 versus 310 mOsM.
The DNA and microtubules were visualized by confocal imaging after labeling for DNA and microtubules. Three independent replicates were performed, each starting with 15 one-cell embryos (45 embryos total at each of 250 and 310 mOsM). At both 250 and 310 mOsM, 100% of embryos (45/45 embryos in each group) were at the 2-cell stage on Day 3 (as expected, because they were prevented from leaving metaphase by the nocodazole/MG132 treatment), with 37 and 38 embryos (11-14 embryos per replicate) imaged, respectively (others were lost during staining).
When embryos had been cultured at 250 mOsM, 92% of blastomeres exhibited condensed chromosomes (Fig. 9, A and  B) . When cultured at 310 mOsM, however, 77% of blastomeres had decondensed DNA and no evident spindle microtubules, whereas 23% had condensed chromosomes (Fig.  9C) . Thus, most embryos arrested by culture at 310 mOsM had not entered metaphase.
MPF in Arrested 2-Cell Embryos
To determine whether embryos arrested at the 2-cell stage by culture at 310 mOsM had activated the MPF that regulates entry into the M phase, MPF activity in embryo lysates was measured. Little MPF activity was present in control interphase 2-cell embryos collected at 43 h post-hCG around the beginning of the G 2 phase, whereas high MPF activity was detected in control 2-cell embryos arrested in metaphase by nocodazole and assessed at 67 h post-hCG, as expected (five replicates each). For the embryos cultured at 310 mOsM, we selected only those with a nucleus visible in each blastomere, to avoid assaying embryos from the minority with blastomeres that had progressed into metaphase before arresting (see Fig.  8 ). The mean MPF activity in embryos cultured at 310 mOsM and remaining arrested with nuclei at the 2-cell stage at 67 h post-hCG was low and not significantly different from that in control interphase 2-cell embryos (five replicates) (Fig. 10A) . However, the variability of measured MPF activity was higher in arrested embryos. In interphase (G 2 ) embryos, normalized MPF activities fell in a narrow range, whereas the replicates of embryos with nuclei arrested after culture at 310 mOsM had a wider range of relative MPF activities (variance significantly different from that of G 2 embryos by F test, P ¼ 0.02) (Fig.  10A) .
The kinase activity of MPF is due to CDK1, which is active when complexed with cyclin B1 and dephosphorylated [36] . We examined the status of CDK1 by Western blot analysis for the same three conditions described above (three replicates each). This showed that 2-cell embryos arrested in metaphase by nocodazole had CDK1 that migrated as a single band, consistent with the dephosphorylated, active state; in contrast, 2-cell embryos in the G 2 phase and embryos arrested by culture at 310 mOsM exhibited CDK1 that migrated higher, consistent with the inactive, phosphorylated forms (Fig. 10B) . The amount of total CDK1 did not differ between interphase 2-cell embryos and those arrested by culture at 310 mOsM.
DISCUSSION
Culture of CF1-strain mouse embryos from the 1-cell zygote stage at physiological levels of osmolarity in the absence of organic osmolytes causes their arrest at the 2-cell stage. This is reversible throughout most of the 2-cell stage, because transfer of the 2-cell embryo to lower-osmolarity medium (250 mOsM) permitted essentially normal development to the 4-cell stage and beyond. Once the embryo normally would have progressed to the 4-cell stage, however, the arrest became irreversible, suggesting that the point at which embryos become arrested is near the end of the 2-cell stage. Curiously, developmental arrest only occurs in embryos cultured at higher osmolarity starting from the 1-cell stage, whereas those cultured starting from the early 2-cell stage develop normally even at very high osmolarities [8] . Why developmental arrest that can be induced only by culture from the 1-cell stage remains reversible through the 2-cell stage is unknown, but this may imply changes in 1-cell embryos that render 2-cell embryos more susceptible to stress.
Consistent with the reversibility of developmental arrest, we found that the cessation of development likely was not due to programmed cell death, because no evidence of several 
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711 established markers of apoptosis was found. We did not detect a loss of the normally asymmetric distribution of plasma membrane phosphatidylserine, which is one of the earliest manifestations of apoptosis, in arrested embryos. Similarly, cytochrome c remained colocalized with mitochondria. Finally, no evidence of increased DNA fragmentation was found as assessed by TUNEL labeling. This is consistent with previous reports that cleavage-stage embryos do not normally undergo apoptosis [31, 37] , although they are capable of initiating components of apoptotic machinery when challenged by extreme stressors, such as the severe oxidative stress induced by high levels of peroxide [22] .
The second mitotic cell cycle of mouse embryogenesis is marked by a very short G 1 phase that is quickly followed by DNA replication in the S phase and then a long G 2 phase before the M phase and cleavage to the 4-cell stage [32] . Embryos cultured at 310 mOsM progressed through the S phase, as evidenced by DNA synthesis assessed by BrdU incorporation. The next major developmental landmark is ZGA during the G 2 phase [34] . We chose three markers of ZGA to assess, two of which (Eif1a and H47) have been shown by a gene array-based screen of gene expression during mouse ZGA to be among those with the greatest increases in expression during ZGA of the thousands of genes assessed [23] whereas the other (Zscan4d) is an embryo-specific gene that increases transiently during ZGA [24] . ZGA apparently occurred in 2-cell embryos at 310 mOsM, because each of the three genes showed patterns of changes in expression compared to in vivo embryos and embryos cultured at 250 mOsM similar to those shown by the embryos that progressed from the 1-cell to the middle and late-2-cell stages. However, ZGA as assessed by this limited number of genes appeared to be not entirely unaffected by culture at 310 mOsM, because two genes (Eif1a and H47) showed apparently lower expression in embryos at 310 mOsM than in embryos at 250 mOsM. Perturbation of gene expression during ZGA was not universal, because the transiently expressed Zscan4d had apparently normal expression levels (mRNA levels of the reference gene Hprt were also not affected). Thus, it appears that ZGA occurs in embryos cultured at 310 mOsM but that the levels of expression may not be entirely normal. This is similar to embryos that exhibited the ''2-cell block'' in traditional culture media, in which ZGA reportedly occurred but was delayed [38] .
Confocal imaging of embryos arrested after culture at 310 mOsM at a time when embryos that had instead been cultured at 250 mOsM or at 310 mOsM with glycine had reached the 4-cell stage showed that most embryos had evident nuclei in which the DNA was diffuse and resembled that of interphase nuclei at the 2-cell stage. However, a minority became arrested with metaphase chromosomes. This raised the possibility that most arrested embryos might have entered the M phase but then failed to progress and reformed nuclei, rather than having failed to enter metaphase. By using a method to trap any embryos that entered the M phase and then induce them to condense their chromosomes, we found that the large majority of arrested embryos did not exhibit condensed DNA or spindles and, therefore, had not entered the M phase during the 2-cell stage. The fraction of embryos at 310 mOsM that did become trapped in metaphase by this treatment (23%) probably represents embryos that escape the developmental block at 310 mOsM (;10%-20%) (Figs. 1 and 2 ) and the smaller cohort that progress into metaphase but arrest with condensed chromosomes without cleaving (;10%) (Fig. 8) . When MPF was assessed in embryos that still had nuclei, activity was low, and CDK1 was evidently present but in the inactive, phosphorylated state. However, even though only embryos with nuclei had been selected in the 310 mOsM group, significantly more variability in MPF activity was found, and the mean MPF activity was slightly higher (but not significantly different) in these arrested embryos. The ''leakage'' of blastomeres in some embryos arrested by culture at 310 mOsM into metaphase, along with the greater variation in measured MPF activity with a trend toward higher activity, implies that the arrest induced by increased osmolarity likely occurs very near the G 2 /M border at the end of the 2-cell stage.
We conclude, therefore, that mouse embryos cultured at physiological osmolarity in the absence of organic osmolytes become arrested only after they have progressed through most of the second embryonic cell cycle and through ZGA, with most arresting in the late G 2 phase, just before beginning to enter the M phase. This is consistent with what had been previously found for the classic 2-cell block in traditional culture media, in which arrest at ''a state equivalent to a late 2-cell embryo'' was reported [20] . It remains unclear what is occurring at the molecular and cellular levels in 1-cell embryos cultured in the absence of organic osmolytes that renders them susceptible to a failure to progress into the M phase at the end of the 2-cell stage unless rescued by that point. Although the 2-cell block in mice and similar developmental blocks in other mammals have been overcome by improved culture media, it remains important to elucidate the effects of even reduced amounts of stress, because human embryos cultured for the treatment of infertility by assisted reproductive technologies are routinely subjected to similar stresses, with possible longterm consequences [39] .
